The biochemical changes consequent to respiratory chain inhibition and their relationship to cell death in Leishmania spp. remain elusive. Inhibitors of respiratory chain complexes I, II, and III were able to induce apoptotic death of the bloodstream form of Leishmania donovani. Complex I inhibition resulted in mitochondrial hyperpolarization that was preceded by increased superoxide production. Limitation of electron transport by thenoyltrifluoroacetone and antimycin A, inhibitors of complexes II and III, respectively, resulted in dissipation of mitochondrial membrane potential that was sensitive to cyclosporin A, a blocker of mitochondrial permeability transition pore. Further studies conducted with thenoyltrifluoroacetone showed maximal generation of hydrogen peroxide with a moderate elevation of superoxide levels. 2؉ channel blockers reduced apoptotic death. This study provides a new possibility that concurrent inhibition of respiratory chain complex II with pentamidine administration increases cytotoxicity of the drug. This increased cytotoxicity was connected to a 4-fold elevation in intracellular Ca 2؉ that was pooled only from intracellular sources. Therefore, inhibition of complexes I, II, and III leads to apoptosis and complex II inhibition in parallel with pentamidine administration-enhanced drug efficacy.
Apoptosis, a genetically regulated physiological process of cell suicide central to metazoan development participating in morphogenesis and homeostasis (1, 2) , has also been described in unicellular life forms (3) (4) (5) (6) (7) (8) (9) . Recently, the study of apoptosis in the unicellular organisms has attracted considerable attention, and the most extensively studied group is the Leishmania spp., the causative agents of various forms of leishmaniasis. Leishmania spp. have a digenic life cycle residing as flagellated extracellular promastigotes in the gut of the insect vector and as bloodstream promastigotes in the mammalian host where they infect macrophages and transform into nonflagellated amastigotes (10) . Many features of metazoan apoptosis are expressed when apoptotic death induced by diverse stimuli occurs in Leishmania spp. (3, 6 -8) . Among the most important regulators of metazoan apoptosis are the mitochondria because signals generated by various death-promoting agents converge at some point on mitochondria and trigger release of proapoptotic factors (11, 12) accompanied by disruption of the mitochondrial membrane potential (⌬⌿ m ) (13, 14) . Our earlier studies with Leishmania donovani promastigotes have clearly indicated the involvement of the single mitochondrion of the parasite in precipitating oxidative stress-induced apoptosis through a Ca 2ϩ -mediated mechanism (8, 9) . The importance of functioning of the single mitochondrion in Leishmania spp. is very vital compared with organisms with numerous mitochondria because the presence of multiple mitochondria ensures compensation for the injured ones; however, for organisms with a single mitochondrion, no such choice exists, and survival depends on proper functioning of a single organelle.
A primary component supporting mitochondrial function is the successful operation of the mitochondrial respiratory chain. This chain transfers electrons to oxygen from a reduced substrate thus sustaining ATP synthesis and is also one of the most important sites of reactive oxygen species (ROS) 1 production under physiological conditions (14, 15) . Although the consequences of respiratory chain inhibition in metazoans have been examined, the effects of respiratory chain dysfunction in Leishmania spp. still remain elusive. Rotenone, a potent inhibitor of mammalian electron transport chain complex I, shows no inhibition of electron transport in Leishmania spp., whereas cyanide, a complex IV inhibitor, partially inhibits electron transport (16) . In contrast to the above report, oxygen uptake in Leishmania is known to be sensitive to rotenone, thenoyltrifluoroacetone (TTFA), antimycin A, myxothiazol, cyanide, and azide (17) . In metazoans, inhibition of respiratory chain complexes is linked to cellular apoptosis (18 -23) , and inhibition of complex I results in generation of ROS that precipitates apoptosis in a variety of cell lines (20, 24) . The complex II inhibitor TTFA suppresses superoxide production but has not been linked to the process of apoptosis (25) . When transfer of electrons from complex III to IV is stopped by antimycin A, dissipation of ⌬⌿ m occurs in BSC-40 and HeLa G cell lines (26) , and apoptosis is induced in HL-60 cells (22) . Antimycin A is also known to generate ROS in T cells before apoptotic death (27) . Other kinetoplastid parasites such as Trypanosoma brucei and Trypanosoma cruzi are reported to have a functional mitochondrial respiratory chain that is essential for survival and growth, although the effects of respiratory chain inhibition are not clear (28) . Certain anti-leishmanial drugs such as the aromatic diamidine pentamidine accumulate in the mitochondria (29) , and exclusion of the drug from the organelle is linked to drug resistance in the parasite (30) . However, the mechanism by which this drug exerts its cytotoxic action and the relationship if any to the respiratory chain are not known. The idea that a fully functional respiratory chain favors cell survival and association of the mitochondria to apoptosis prompted us to examine the consequences of inhibition of respiratory chain components on cell death in L. donovani and decipher the mechanisms associated with such death. In addition, we wanted to investigate the relationship between pentamidine cytotoxicity and the functioning of the respiratory chain.
This study provides a new possibility that concurrent inhibition of respiratory chain complex II with pentamidine administration increases cytotoxicity of the drug. Importantly, it lends credence to the suggestion that Leishmania mitochondria respond differently to inhibition of respiratory chain complexes compared with higher eukaryotes in terms of changes in ⌬⌿ m , types of ROS generated, and the consequent ionic variations leading to cell death.
EXPERIMENTAL PROCEDURES

Materials
Apoptosis detection system was procured from Promega (Madison, WI). JC-1, fluo-3AM, CM-H 2 DCFDA, OxyBURST Green H 2 HFF-BSA, rhod-2AM, DAF-FM, Vybrant apoptosis assay, and the ATP assay kit were obtained from Molecular Probes (Eugene, OR). Rotenone, antimycin A, TTFA, pentamidine, EGTA, GSH, and all other chemicals were purchased from Sigma.
Cells
Promastigotes of L. donovani UR6 strain were cultured as described previously (8, 9) . Briefly, the cultures were grown on agar slants containing 1% glucose, 5.2% brain heart infusion agar extract, and rabbit blood (6% v/v) at 25°C with gentamycin at a final concentration of 1-1.5 mg/ml. For experimental purposes, cells were recovered from 3-day-old blood agar slants, centrifuged, and resuspended in medium 199 supplemented with 10% fetal calf serum to achieve a culture density of 1 ϫ 10 7 cells/ml.
Treatments-Cells were incubated with rotenone, the complex I inhibitor (range tested 50 -200 M), TTFA, the complex II inhibitor (range tested 250 -1,000 M), antimycin A, inhibitor of complex III (range tested, 0.025-0.1 M), and the anti-leishmanial drug pentamidine (range tested, 150 -250 M) at 25°C for varying periods of time; cells were processed for various biochemical assays. Cyclosporin A was used at a dose of 10 M to preincubate cells for 1 h before exposure to the inhibitors. GSH and sodium formate were used at concentrations of 10 mM and 1 mM, respectively, and were preincubated with the cells for 1 h before cell treatments. Similarly, in Ca 2ϩ -related studies, Ca 2ϩ channel blockers benzamil (50 M), flufenamic acid (FFA, 240 M), nifedipine (10 M), and verapamil (20 M) were used for blocking Na ϩ /Ca 2ϩ exchanger, nonselective cation channels, and voltage gated L-type Ca 2ϩ channels, respectively. The Ca 2ϩ chelator EGTA was used at a concentration of 3 mM. All Ca 2ϩ channel blockers and the chelator were preincubated for 30 min with the cells before treatment with the complex inhibitors and pentamidine.
Annexin-V Labeling-Annexin-V labeling was performed as per the manufacturer's instructions using a Vybrant apoptosis assay kit. Briefly, cells after the respective treatments were washed with icecold phosphate buffer and suspended in annexin-V binding buffer (50 mM HEPES, 700 mM NaCl, 12.5 mM CaCl 2 , pH 7.4). Annexin-V conjugated to Alexa-Fluor and propidium iodide (PI) (10 g/ml) were incubated with the cells for 15 min. Subsequently, cells were washed and resuspended in annexin-V binding buffer. Labeled cells were detected with the help of a E-600 Nikon fluorescence microscope using a 510 -560 nm excitation filter block for red fluorescence of PI and a 440 -480 nm filter block for green fluorescent Alexa-Fluor. The cells were analyzed on the basis of four groups: healthy, early apoptotic, late apoptotic and necrotic cells. Cells that did not stain for either annexin-V or PI were considered as healthy, those staining for annexin-V only were taken as apoptotic, those staining for PI as well as annexin-V were taken as late apoptotic because entry of PI indicates plasma membrane disruption and those staining with only PI, and no annexin-V were taken as necrotic cells.
Detection of DNA Fragmentation
Terminal Deoxynucleotidyltransferase Enzyme -mediated dUTP Nick End Labeling (TUNEL)-Detection of DNA fragmentation was carried out using a TUNEL assay kit according to the manufacturer's instructions as described previously (8, 9) . Briefly, cells were fixed in 4% formaldehyde, and postfixation permeabilization was carried out with 0.2% (v/v) Triton X-100 for 10 min at room temperature followed by incubation with buffer containing nucleotide mix (50 M fluorescein-12-dUTP, 100 M dATP, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 7.6) for 1 h at 37°C. Terminal deoxynucleotidyltransferase-labeled cells were detected with the help of an E-600 Nikon fluorescence microscope.
Agarose Gel DNA Analysis-Isolation of DNA from treated and untreated promastigotes and electrophoresis on agarose gel were carried out as described previously (8, 9) .
Flow Cytometry
Cells (10 6 ) from different experimental groups were run on an EPICS Elite ESP flow cytometer (Beckman Coulter, Fullerton, CA) equipped with a 15-mV, 488 nm air-cooled argon ion laser. The optimized instrument parameters were as follows: for forward scatter, voltage 100 mV, gain 30; for side scatter, voltage 400 mV, gain 30; for fluorescence 1 (Alexa-Fluor), voltage 1,200 mV, mode log; and fluorescence 3 (PI), voltage 1,100 mV, mode log. Cells were isolated from fragments by gating on the forward and side scatter signals, and then promastigotes were detected and analyzed according to their relative fluorescence intensities compared with unstained promastigotes. Analyses were performed on 50,000 gated events, and numeric data were processed using WinMDI shareware. Data for annexin-Alexa-Fluor/PI were denoted as density plots, whereas for TUNEL and PI staining data have been depicted as histograms. All plots are representative of three experiments.
Measurement of ROS
To monitor the level of ROS, several ROS-specific dyes that could distinguish among the different species were used. The cell-permeant probe CM-H 2 DCFDA was used to detect H 2 O 2 as described previously (8, 9) . CM-H 2 DCFDA is a nonpolar compound that readily diffuses into cells, where it is hydrolyzed to the nonfluorescent derivative dichlorodihydrofluorescein and trapped within the cells. In the presence of a proper oxidant, dichlorodihydrofluorescein is oxidized to the highly fluorescent 2,7-dichlorofluorescein. Briefly, 10 7 cells were suspended in medium 199 and incubated with 2 g/ml CM-H 2 DCFDA for 15 min in the dark, subsequently, treatments were carried out, and fluorescence was monitored as described previously (8, 9) . For superoxide anion detection, OxyBURST reagent was used following the protocol described by the manufacturer. Briefly, 10 7 cells were loaded with 10 g/ml OxyBURST Green H 2 HFF-BSA at 37°C for 2 min, which was followed by different treatments. Relative fluorescence was monitored for both CM-H 2 DCFDA and OxyBURST at an excitation wavelength of 488 nm and emission wavelength of 530 nm over a period of 1 h. Nitric oxide detection was carried out as described previously (9) . Typically, 10 7 cells were loaded with the fluorescence probe DAF-FM (1 M) for 30 min, washed, and inhibitors were added following which NO generation was monitored at an excitation of 485 nm and emission at 520 nm. For each experiment, fluorometric measurements were performed in triplicate and expressed as fluorescence intensity units (FIU). All measurements were carried out in a FluostarOptima spectrofluorometer (BMG Technologies, Offenburg, Germany).
Measurement of Mitochondrial Membrane Potential
Mitochondrial membrane potential (⌬⌿ m ) was measured using JC-1 probe as described previously (8, 9) . JC-1 is a cationic mitochondrial vital dye that is lipophilic and becomes concentrated in the mitochondria in proportion to the membrane potential; more dye accumulates in mitochondria with greater ⌬⌿ m and ATP generating capacity. Therefore, the fluorescence of JC-1 can be considered as an indicator of relative mitochondrial energy state. The dye exists as a monomer at low concentrations (emission, 530 nm, green fluorescence) but at higher concentrations forms J aggregates (emission, 590 nm, red fluorescence). Briefly, cells were labeled for 10 min with 10 M JC-1 at 37°C, washed, resuspended in medium, and base-line fluorescence was measured. Subsequently, the complex inhibitors were added, and the changes in fluorescence were monitored at two different wavelengths as mentioned above. The ratio of the reading at 590 nm to the reading at 530 nm (590:530 ratio) was considered as the relative ⌬⌿ m value.
Measurement of Cytosolic Free Ca 2ϩ Concentrations
Changes in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) were monitored with the fluorescent probe fluo-3AM as described previously (8, 9) . Briefly, cells were loaded for 30 min at 25°C with 5 M fluo-3AM containing 1 M pluronic acid F-127 for proper dispersal and 0.25 mM sulfinpyrazone, an organic anion transport inhibitor to inhibit the leakage of the fluo-3 dye. Just before use, cells were washed with medium to remove nonhydrolyzed fluo-3AM. Fluorescence measurements were performed at 25°C at an excitation of 488 nm and emission of 522 nm. To convert fluorescence values into absolute [Ca 2ϩ ] i , calibration was performed at the end of each experiment. [Ca 2ϩ ] i was calculated using the equation,
where K d is the dissociation constant of the Ca 2ϩ -fluo-3 complex (400 nM), and F represents the fluorescence intensity of the cells. 
Measurement of Mitochondrial Ca 2ϩ
For separate measurement of mitochondrial Ca 2ϩ signals, freshly isolated cells were loaded at 4°C for 1 h with 5 M rhod-2AM, containing 1 M pluronic acid F-127 for proper dispersal (31) and 0.25 mM sulfinpyrazone (32) to prevent leakage, centrifuged for 2 min at 2000 ϫ g and resuspended in media for incubation at 25°C for 30 min to allow hydrolysis of rhod-2AM trapped in mitochondria. Rhod-2 fluorescence was measured at an excitation of 530 nm and emission of 576 nm.
ATP Assay
ATP was measured by a bioluminescence assay using an ATP determination kit as described previously (8) . The assay is based on the luciferase requirement for ATP in producing light (emission maximum ϳ 560 nm at pH 7.8). Briefly, cells (ϳ1 ϫ 10 6 ) after different treatments were resuspended in reaction buffer containing 1 mM dithiothreitol, 0.5 mM luciferin, and 12.5 g/ml luciferase and mixed gently, after which readings were taken in a FluostarOptima multilabel detection system. ATP standard curves were run in all experiments with different concentrations of ATP, calculations were made against the curve, and cellular ATP levels were expressed as nmol/10 6 cells.
Glutathione Assay
Cellular GSH levels were measured in different treatment groups with the fluorescence probe o-phthalaldehyde as described previously (8) . O-Phthalaldehyde-derived fluorescence was measured at 365 nm excitation and 430 nm emission. GSH standard curves were run in parallel to all experiments with different concentrations of GSH; calculations were made against the curve, and cellular GSH levels were expressed as nmol/10 7 cells.
Statistical Analysis
Paired comparisons were conducted using a paired t test, and all data are presented as mean values Ϯ S.E. Differences were considered significant at a 0.05 level of confidence.
RESULTS
Inhibition of Respiratory Chain Complexes I, II, and III
Induces Changes in ⌬⌿ m -Respiratory chain complexes are located in the mitochondria and drive the maintenance of ⌬⌿ m through protons generated during electron transfer. Therefore, it is expected that any interference with electron transport would influence ⌬⌿ m . To arrive at a dose that would interfere with ⌬⌿ m , a dose response with three different inhibitors of respiratory chain complexes I, II, and III was carried out. Rotenone, the complex I inhibitor (range tested 50 -200 M), at a dose of 100 M was able to induce mitochondrial hyperpolarization that was reflected in the increase of ⌬⌿ m values within the first 30 min (Fig. 1A , b) compared with controls ( Fig. 1A, a) , and values at 1 min (Fig. 1A, b) . In contrast, TTFA, the complex II inhibitor (range tested 250 M-1 mM), at a dose of 500 M and antimycin A (range tested, 0.025-0.1 M), inhibitor of complex III, at a dose of 0.05 M, induced a dissipation of ⌬⌿ m values within 20 -60 min (Fig.  1A, c and d) . The selection of the above doses for further experiments from the ranges tested was based on the ability of a given dose to induce alterations in ⌬⌿ m sufficiently. One of the changes associated with ⌬⌿ m dissipation in some cell systems is the opening of the mitochondrial megachannel or permeability transition pore (PTP) (13) . We preincubated cells with cyclosporin A, a blocker of the PTP (33), before exposure to respiratory chain inhibitors to see whether cyclosporin A-sensitive channels were operative during ⌬⌿ m dissipation. Interestingly, cyclosporin A could not prevent the hyperpolarization induced by rotenone (Fig. 1B, b) but could prevent the dissipation of ⌬⌿ m induced by TTFA and antimycin A (Fig. 1B, c and d) . The above observations clearly establish that interference with respiratory chain function in L. donovani leads to alterations in promastigote ⌬⌿ m . In addition, evidence shows that cyclosporin A-sensitive channels are operative when respiratory chains II and III are inhibited.
Respiratory Chain Inhibition Results in a Loss of Cell Viability, and Cell Loss Occurs through Apoptosis-Changes in
⌬⌿ m have been originally postulated to be early, obligate events in the apoptotic signaling pathway (34, 35) , and multiple lines of research demonstrate that the nuclear features of apoptosis are preceded by changes in the ⌬⌿ m (34, 36) . A significant decrease in cell viability was observed after exposure to all three inhibitors ( Fig. 2A, a and b) . TTFA was most effective in inducing cell death (45% at 48 h), rotenone being the least (23% at 48 h) with antimycin A showing a death percentage of 32% ( Fig. 2A, a and b) . Interference with mitochondrial function may also lead to necrotic death (37); therefore, to check whether cytotoxicity induced by respiratory chain inhibitors leads to apoptosis or necrosis, we looked at several criteria for detecting the type of cell death. DNA fragmentation, recognized as a hallmark of metazoan apoptosis (38) , is reported to occur in free swimming protozoan parasites (8) and intracellular amastigotes after exposure to various apoptosis-inducing stimuli (9) . The increase in TUNEL-positive cells in all treated groups at 24 h (Fig. 2B , c-h) and 48 h (Fig. 2C, c-h ) compared with controls at the same time points (Fig. 2B, a and b, and Fig. 2C, a and b) suggested DNA fragmentation in a certain percentage of the cells exposed to the three respiratory chain inhibitors. The above data were validated by flow cytometric analysis of TUNEL-stained cells, and a substantial increase in the number of apoptotic cells at 24 h (Fig. 2D, a) and 48 h (Fig. 2D, b) compared with controls clearly indicated that a significant number of cells demonstrated apoptotic phenotype. TTFA exposure showed the highest number of apoptotic cells (38%) at 48 h compared with rotenone (28%) and antimycin A (31%). Agarose gel analysis of the promastigote genomic DNA showed an oligonucleosomal ladder of DNA at 24 h (Fig. 2E , a) and 48 h (Fig. 2E, b) after exposure to the inhibitors.
Phosphatidylserine is normally confined to the inner leaflet of the cell membrane and is externalized when the cell is committed to apoptosis (39) . We identified phosphatidylserine exposure in the TTFA-treated promastigotes by annexin-V la- beling and classified the cells according to staining pattern as described under "Experimental Procedures" (Fig. 3A) . It was found that TTFA-treated cells showed an increased labeling with annexin-V after 24 h of complex II inhibition (Fig. 3B, d-f ) compared with controls (Fig. 3B, a-c) . Flow cytometric analysis revealed that both early and late apoptotic cells together constituted about 18% of the cells (Fig. 3C) .
Although apoptosis in kinetoplastid parasite groups during respiratory chain inhibition is not known, a number of reports indicate apoptosis of mammalian cells when complexes I and III are inhibited (18 -23) . Complex II inhibition has not been implicated in apoptosis in mammalian cells. Therefore, data obtained in this part of the study clearly reveal for the first time that inhibition of respiratory chain complexes I, II, and III that alter the ⌬⌿ m result in apoptotic death of L. donovani promastigotes.
Inhibition of Complexes I, II, and III Increases ROS Generation-Having established that inhibition of the respiratory chain complexes precipitates apoptosis in the promastigotes of L. donovani, we sought to gain insight into the mechanisms by which inhibition of electron transfer caused alterations of ⌬⌿ m . Because ROS generation is intimately connected with the respiratory chain (11), we first determined changes in ROS levels in response to inhibition of the three complexes. Interestingly, compared with rotenone (Fig. 4A, a) and antimycin A (Fig. 4A,  c) , TTFA exposure provoked a significant increase in H 2 O 2 (Fig.  4A, b) as measured by CM-H 2 DCFDA, which primarily detects H 2 O 2 and also ⅐ OH. To determine the extent of contribution of ⅐ OH radicals in CM-H 2 DCFDA fluorescence, 1 mM sodium formate was used to inhibit ⅐ OH formation. There was no decrease in fluorescence showing that ⅐ OH was not a major contributor to the fluorescence readings (FIU at 530 nm at 1 h, control, 154.5 Ϯ 0.28; TTFA, 855 Ϯ 0.577; TTFA ϩ formate, 835 Ϯ 5.77). To determine whether GSH could exert its antioxidant action in scavenging H 2 O 2 in the event of respiratory chain inhibition, the cells were preincubated with GSH before inhibitor treatment, and a decrease of ROS levels was recorded (Fig.  4A, a-c) . Superoxide generation by the respiratory chain inhib- (Fig. 4B, a) and TTFA (Fig. 4B, b) antimycin A showed maximal induction of superoxide (Fig. 4B, c) . As with H 2 O 2, GSH was able to scavenge superoxide generated by inhibition of all three complexes (Fig. 4B, a-c) . In mammalian cells, antimycin A and rotenone are known to increase ROS, although kinetoplastid parasites have not been shown to respond to respiratory chain inhibition by ROS generation. Nitric oxide generation is not linked to the respiratory chain; however, we wanted to confirm whether there was an effect of the inhibition of respiratory chain complexes on NO generation as a secondary effect of cellular stress imposed by increased ROS. None of the inhibitors induced an increase in NO production (FIU at 520 nm at 1 h; control, 523 Ϯ 13.8; rotenone, 551 Ϯ 12; TTFA, 553 Ϯ 8; antimycin A, 528 Ϯ 6; n ϭ 3). Therefore, the above data established the differential effect of the three inhibitors on ROS generation in the promastigotes, TTFA being most effective in inducing H 2 O 2 , although antimycin A was capable of inducing superoxide. In addition, it was shown that GSH was able to scavenge both H 2 O 2 and superoxide in the event of respiratory chain inhibition.
Inhibition (Fig. 5A) , and antimycin A showed no effect. There were two possible sources that could have contributed to the increase of Ca 2ϩ , either intracellular or extracellular sources. Evidently, the source of the increased Ca 2ϩ was extracellular in origin because the presence of EGTA abrogated the Ca 2ϩ increase completely (Fig. 5B) . From this point onward, our study involved TTFA only because the Ca 2ϩ increase was maximal with this inhibitor, and it was of interest to probe further the effects of this Ca 2ϩ load on cellular physiology. Because Ca 2ϩ influx into a cell is dependent upon various channels and exchangers, we sought to establish the route of entry of Ca 2ϩ during respiratory chain inhibition. Voltage-gated L-type Ca 2ϩ channel inhibition with nifedipine ( Fig. 5C) and verapamil (Fig. 5D) reduced Ca 2ϩ entry. In addition, other blockers such as FFA, a nonselective cation channel blocker, and benzamil, an inhibitor of Na ϩ /Ca 2ϩ exchanger, were also able to reduce Ca 2ϩ influx FIG. 4 . Inhibition of complex II increases H 2 O 2 , and complex III inhibition leads to superoxide production. Promastigotes were labeled with fluorescent dyes specific for H 2 O 2 and superoxide as described under "Experimental Procedures" before exposure to respiratory chain inhibitors. GSH (10 mM) was used as an antioxidant with the various inhibitors (100 M rotenone, 500 M TTFA, 0.05 M antimycin A) for 60 min. A, effect of rotenone (a), TTFA (b), and antimycin A (c) on H 2 O 2 generation in the presence and absence of GSH. B, generation of superoxide in response to rotenone (a), TTFA (b), and antimycin A (c). Data represent the mean Ϯ S.E. (n ϭ 5). Note that TTFA generated the highest amount of H 2 O 2 , whereas superoxide was generated maximally by antimycin A. significantly (Fig. 5, E and F) increase. When extracellular Ca 2ϩ was chelated with EGTA during TTFA exposure, there was a 40-min lag period before ROS production was reduced in the EGTA-treated groups compared with the TTFA-only group (Fig. 6A) . Interestingly, when GSH was used to scavenge ROS, there was a significant early inhibition of the Ca 2ϩ increase (Fig. 6B) . These scavenging experiments clearly indicated the possibility that respiratory chain inhibition by TTFA induced an early ROS increase that consequently led to an increase in Ca 2ϩ . Because EGTA could not block ROS increase until 40 min, it was apparent that any role of Ca 2ϩ in the elevation of ROS levels would be a late event as opposed to an ROS-induced Ca 2ϩ increase, which was an early event. To illuminate further the mechanistic imperatives of ⌬⌿ m loss, we decided to 
Inhibition of Ca 2ϩ Influx and ROS Generation Reduces Cell Death-Arguably, if ROS and Ca
2ϩ increase are linked to cell death, abrogation of their levels should increase the percentage of cell survival. To explore whether agents that could reduce ROS and Ca 2ϩ levels also reduced the number of cells expressing apoptotic phenotype, an analysis of TUNEL-positive cells in TTFA-treated groups in the presence of GSH, FFA, and EGTA was carried out (Fig. 7, A and B) . A substantial decrease in the number of TUNEL-positive cells was observed with GSH (2.65% at 24 h), FFA (13.35% at 24 h), and EGTA (5.5% at 24 h) compared with TTFA (25.7% at 24 h) (Fig. 7, A and B) . Therefore, a clear link between apoptotic death with ROS and Ca 2ϩ increase could be established.
GSH and ATP Depletion Occurs in Response to TTFA Treatment-The proper redox state of the cells is maintained by intracellular thiols such as GSH, which are capable of scavenging ROS (41) . Therefore, in many instances GSH depletion take place when ROS increase occurs. In these kinetoplastid parasites, trypanothione, which is a conjugate of glutathione and spermidine (42) , is the main detoxifying agent, and therefore GSH is required for detoxification activities in this organism. Data show a reduction in GSH levels when TTFA treatment was given (Table I) , indicating an increased requirement of cellular GSH. The successful functioning of respiratory chain maintains ATP levels; therefore, inhibition of normal functioning is expected to reduce ATP. All three inhibitors brought about ATP loss, but about a 10 -20% level was maintained until 4 h (Fig. 7C) .
Inhibition of Complex II during Pentamidine Treatment Induces a Large Influx of Ca 2ϩ and Increase in ROS-
The antileishmanial drug pentamidine accumulates within the mitochondria (29) and exerts its anti-leishmanicidal effects (43) , the mechanism of which is not clear. Interestingly, pentamidine was able to induce a loss of ⌬⌿ m when administered alone or along with TTFA (Fig. 8A, a-d) . The reduction in ⌬⌿ m with pentamidine was much more when given alone rather than in combination with TTFA; however, this fall was significantly different from the controls. Pentamidine treatment only was unable to increase promastigote ROS levels (Fig. 8B, a) . In contrast, when pentamidine was added in combination with TTFA, an increase in ROS occurred which was significant compared with levels generated by TTFA only (Fig. 8B, a) . There was a noticeable change in cell shape after pentamidine exposure (Fig. 8B, a, inset) . Even though pentamidine could not generate ROS, it was able to cause an increase in Ca 2ϩ to levels almost similar to TTFA, but interestingly when pentamidine was given in combination with TTFA, there was a sharp increase of about 4-fold in intracellular Ca 2ϩ (Fig. 8B, b) . GSH was able to reduce the Ca 2ϩ increase induced by a combined treatment of TTFA and pentamidine (Fig. 9A) . To explore the possibility that a similar mechanism of Ca 2ϩ influx was operative when the drug combination was given, EGTA was used to chelate extracellular Ca 2ϩ during treatment. Interestingly, the presence of EGTA in the extracellular medium could not prevent the increase of Ca 2ϩ induced by pentamidine alone (Fig.  9B ) or in combination with TTFA (Fig. 9B) , indicating that the pentamidine-induced increase was contributed solely by intracellular stores and when pentamidine was present, TTFA was unable to draw Ca 2ϩ from extracellular sources. But, EGTA was able to reduce ROS increase by about 25% induced by pentamidine plus TTFA exposure (FIU at 530 nm; pentamidine ϩ TTFA, 767 Ϯ 15; EGTA ϩ pentamidine ϩ TTFA, 583 Ϯ 6; n ϭ 3). When we probed whether PTP was involved in pentamidine-induced ⌬⌿ m loss or not, we found that cyclosporin A was effective in restoring loss induced by pentamidine (fluorescence at 590:530 nm; pentamidine only, 2.88 Ϯ 0.01; pentamidine ϩ cyclosporin A, 5.92 Ϯ 0.4; pentamidine ϩ TTFA, 5.26 Ϯ 0.3; pentamidine ϩ TTFA ϩ cyclosporin A, 7.97 Ϯ 0.4; n ϭ 3). Therefore, these data suggested the possibility that when a drug combination is administered, the mechanism of Ca 2ϩ increase is different from when treatments are provided in isolation. in cell death was explored. The TUNEL labeling pattern at 24 h showed that a combination of TTFA and pentamidine induced DNA fragmentation in 73% cells, which was much higher than TTFA (25%) and pentamidine (47%) only exposure (Fig. 10, A and B) .
Complex II Inhibition during Pentamidine Treatment Induces a Significant Increase in Cell Death
Annexin-V labeling of cells at 24 h demonstrated a pattern similar to that obtained with TUNEL labeling where TTFA (16%) and pentamidine (45%) showed an increase in annexin-V-labeled cells, but a combination of both the drugs demonstrated a much increased labeling of the cells (66%) (Fig. 10, C  and D) , indicating an increase in phosphatidylserine labeling as well.
The total cell death pattern was checked by PI staining in which by 24 h TTFA and pentamidine showed 29 and 40% death, respectively, whereas a combination of TTFA and pentamidine showed 80% cell death (Fig. 11A) . By 48 h, TTFA (45%) and pentamidine (75%) showed higher cell death compared with 24 h, but the effect of the combination of the two drugs resulted in 99% cell death (Fig. 11B) .
Therefore, taken together, the TUNEL and annexin-V labeling data combined with results from PI staining strongly suggest that when complex II inhibition was induced during pentamidine treatment, there was a distinct enhancement of cytotoxic activity of pentamidine. 
DISCUSSION
In this paper we show that inhibition of the mitochondrial respiratory chain complexes can elicit an apoptotic response in L. donovani promastigotes. We also demonstrate that concurrent inhibition of respiratory chain complex II during exposure to an anti-leishmanial drug pentamidine increases the cytotoxicity of the drug. Key elements in cellular dysfunction when respiratory chain complexes are inhibited are as follows: 1) loss of ⌬⌿ m and ATP levels; 2) increases in H 2 O 2 and superoxide generation; 3) an increase in intracellular Ca 2ϩ levels; and 4) initiation of apoptotic changes. In the interpretation of the above observations the following questions have to be addressed: 1) what is the relationship between the above changes and how they translate into apoptotic death? 2) how does inhibition of respiratory chain complex II lead to potentiation of the cytotoxic effects of pentamidine? An appreciation of mechanisms by which metazoan mitochondria are integrated in the apoptotic pathway have evolved considerably in the last decade, but the involvement of kinetoplastid mitochondria in apoptosis is just being explored. The findings of this study show that the mitochondrial responses to inhibition of the different complexes vary, as inhibition of complex I resulted in hyperpolarization, whereas inhibition of complexes II and III caused dissipation of ⌬⌿ m . Interestingly, both hyperpolarization and loss of ⌬⌿ m resulted in apoptotic death of the promastigotes, demonstrating the importance of maintenance of proper ⌬⌿ m for survival in these kinetoplastid parasites. Hyperpolarization of mitochondria observed in this work is in contrast to reported effects of rotenone in higher eukaryotes where it is known to suppress ⌬⌿ m , for example, in cultured rat cardiomyocytes (44) and liver cells (45) . Although oxygen uptake in Leishmania has been reported to be sensitive to rotenone (17) , another study describes the inability of rotenone to interfere with Leishmania respiratory chain (16) . Our observations do not agree with this report as a distinct mitochondrial hyperpolarization after rotenone treatment was visible in our studies, and this change in ⌬⌿ m was accompanied by an increase in superoxide levels. Cytotoxicity of rotenone on Leishmania spp. is not known, but apoptotic death induced by this inhibitor is recognized in metazoans, for example, in HT1080 cells (18) , cortical neurons (20) , and HL-60 cells (46) . Our study provides evidence that rotenone is able to exert a cytotoxic effect on the promastigotes of this kinetoplastid parasite group. Changes in ⌬⌿ m are often accompanied by the opening of the mitochondrial megachannel in the metazoans; therefore, we tested whether blocking of this channel would influence the ⌬⌿ m . The ability of cyclosporin A to inhibit the loss of ⌬⌿ m in the event of complex II and III inhibition but not during complex I block shows that PTP opening is involved in respiratory chain inhibitor-induced dissipation of ⌬⌿ m in L. donovani promastigotes. This observation is in agreement with recent data that illustrate that opening of PTP induces ⌬⌿ m collapse through a proton dissipation pathway (47) . Failure of cyclosporin A to reduce hyperpolarization of L. donovani promastigote mitochondria achieved with rotenone shows that cyclosporin A-sensitive channels are not involved in the hyperpolarization of Leishmania mitochondria.
The early loss of ⌬⌿ m was indicative of considerable cellular changes taking place after inhibition of respiratory chain. The question therefore was what were the changes taking place before and after ⌬⌿ m loss. Because bifurcation of electrons from the mitochondrial complexes is the primary source of endogenous ROS, agents that interfere with the electron transport processes and divert electron flow will logically increase ROS (48) . Because H 2 O 2 was generated in high amounts with complex II inhibition, this site appears to be the prime area of H 2 O 2 production in L. donovani. This is in contrast to higher eukaryotes where the major sites for ROS production are complexes I and III (49) . The primary ROS species produced by complex III in L. donovani is superoxide because stoppage of electron flow from complex III to IV induced superoxide generation. This feature is shared with higher eukaryotes where it has been shown that electron bifurcation by antimycin A causes leakage of single electrons to dioxygen, which results in the release of superoxide (50) .
Several studies show that molecules stimulating formation of ROS cause apoptosis, a process that is inhibited by antioxidants (51, 52) . In this study, the generation of ROS and Ca 2ϩ influx into cells appear to be critical events in mediating apoptosis because an antioxidant such as GSH and agents like EGTA and FFA which inhibit Ca 2ϩ influx could protect the cells from apoptotic death. Next, the primary question was whether it was ROS or Ca 2ϩ or both that were responsible for the apoptotic changes. not reduce the early ROS increase, but an antioxidant could decrease Ca 2ϩ levels, it was suggested that the boost in intracellular Ca 2ϩ was a consequence of ROS generation. Logically, the first action of the TTFA would be on the mitochondrially located complex II leading to biochemical changes that will allow higher amounts of ROS being generated; therefore, an increase in ROS before elevation of Ca 2ϩ levels was not surprising. This ROS in turn could lead to opening of Ca 2ϩ entry points on the plasma membrane or pool Ca 2ϩ from intracellular stores. Because EGTA completely blocked Ca 2ϩ elevation, it was obvious that the major source of the increased internal Ca 2ϩ was from the extracellular supply. Subsequently, it was important to establish the possible routes through which the Ca 2ϩ increase could have occurred. Because blocking of nonselective cation channels by FFA resulted in diminution of Ca 2ϩ entry, it was suggested that ROS generated by TTFA was facilitating the opening of nonselective cation channels. This is in agreement with our earlier studies that implicate oxidative stress in initiating opening of nonselective cation channels in L. donovani promastigotes. The inhibition of L-type channels by nifedipine and Na ϩ /Ca 2ϩ exchanger by benzamil leading to a decrease in Ca 2ϩ demonstrates that multiple entry points for Ca 2ϩ were opened by complex II inhibition. However, bepridil, another Na ϩ /Ca 2ϩ exchange blocker, did not inhibit Ca 2ϩ en- try, suggesting either the absence of bepridil-sensitive channels or no influence of respiratory chain inhibition on these channels. Because inhibition of Ca 2ϩ entry could block ⌬⌿ m loss, it was obvious that an increase in Ca 2ϩ provides a signal for the dissipation of ⌬⌿ m . Therefore, these results suggest that when ROS stress generated by complex II inhibition reached a certain threshold, Ca 2ϩ homeostasis was altered, and an apoptotic program was triggered to kill the cells thus establishing a central role of Ca 2ϩ in the mechanism of TTFAinduced cell death.
The cell-damaging properties of ROS provide possibilities to design new strategies to kill the parasites preferentially through ROS-mediated mechanisms. We therefore tested a new approach to enhance drug efficacy by using a combination strategy with pentamidine, a drug that accumulates in the mitochondria and complex II inhibition. The cytotoxic activity of pentamidine was enhanced when applied in combination with TTFA. It is possible that the increased ROS generation with TTFA sensitizes the promastigotes toward the action of pentamidine. The much larger Ca 2ϩ increase induced by the combination of TTFA and pentamidine than achieved by pentamidine or TTFA alone show increased efficiency of the combination in pooling Ca 2ϩ . Interestingly, EGTA was unable to reduce the pentamidine-induced Ca 2ϩ increase, pointing toward the ability of pentamidine to pool Ca 2ϩ from intracellular stores. One of the contributors to this increase could be mitochondrial Ca 2ϩ because the approximately 50% fall in mitochondrial Ca 2ϩ occurs by 1 h in the case of pentamidine treatment (percent fall in mitochondrial Ca 2ϩ , TTFA ϩ pentamidine, 77 Ϯ 7.81; pentamidine, 50 Ϯ 5.55; n ϭ 3). The possibility exists that pentamidine influences Ca 2ϩ homeostasis in such a manner that the ability of TTFA to draw Ca 2ϩ from extracellular sources is also altered. This work therefore implicates Ca 2ϩ as a major player in the event of combination treatment of pentamidine and TTFA where Ca 2ϩ is primarily pooled from the intracellular sources as opposed to an extracellular source, which is the main supplier of Ca 2ϩ in pentamidine-only or TTFA-only groups. In addition, the much larger increase in cell death observed with complex II inhibition during pentamidine treatment along with a very high intracellular Ca 2ϩ also establishes a link between Ca 2ϩ and cell death in the combination group.
The increase in DNA fragmentation and phosphatidylserine exposure at 24 h after respiratory chain inhibition indicates that phosphatidylserine exposure externalization is a late event in apoptosis induced by respiratory chain inhibition. Logically, this should be true because phosphatidylserine exposure is required for phagocytosis, which is the last event in the completion of the process of apoptosis. The two observations that supplementation of GSH could helps reduce the number of apoptotic cells and a reduction in GSH levels occurs after TTFA exposure provide evidence for an important role of GSH as an antioxidant against the oxidative stress induced by respiratory chain inhibition. Thus, the temporal relationship among an increase in ROS and Ca 2ϩ , ⌬⌿ m loss, increase in annexin-V-positive and TUNEL-positive cells together with the ability of antioxidant GSH and inhibitors of Ca 2ϩ entry establishes a link between apoptosis and the cellular changes mentioned.
Interpreting the above results, we propose that it is possible to initiate apoptosis in L. donovani by inhibiting respiratory chain complexes I, II, and III, ROS generation and increase in cytosolic Ca 2ϩ being critical events. Because mitochondrial accumulation of pentamidine could be an essential event in drug efficacy, concurrent inhibition of complex II during pentamidine treatment might provide the biochemical basis for development of a novel way by which efficacy of this drug can be increased.
